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The Dirac and Weyl semimetals are unusual
materials in which the nodes of the bulk states
are protected against gap formation by crys-
talline symmetry [1–4]. The chiral anomaly [5,
6], predicted to occur in both systems [7–10],
was recently observed as a negative longitudinal
magnetoresistance (LMR) in Na3Bi [11] and in
TaAs [12]. An important issue is whether Weyl
physics appears in a broader class of materials.
We report evidence for the chiral anomaly in the
half-Heusler GdPtBi. In zero field, GdPtBi is a
zero-gap semiconductor with quadratic bands [13,
14]. In a magnetic field, the Zeeman energy
leads to Weyl nodes [15]. We have observed a
large negative LMR with the field-steering prop-
erties specific to the chiral anomaly. The chi-
ral anomaly also induces strong suppression of
the thermopower. We report a detailed study
of the thermoelectric response function αxx of
Weyl fermions. The scheme of creating Weyl
nodes from quadratic bands suggests that the chi-
ral anomaly may be observable in a broad class
of semimetals.
The Dirac semimetal Na3Bi exhibits two bulk Dirac
cones in zero field [4, 16]. Each cone resolves into two
Weyl nodes with distinct chiralities χ = ±1. In a mag-
netic field B, the Weyl nodes separate in k (momentum)
space to act as monopole source and sink of the Berry
curvature Ω(k) (which acts as an effective magnetic field
in k space [17]). As observed in Na3Bi [11], the appli-
cation of an electric field E ‖ B produces a negative
longitudinal magnetoresistance (LMR) produced by the
chiral anomaly. The recently discovered Weyl semimet-
als [18, 19] are similar, except that the Weyl nodes are
already separated at B = 0 because inversion symmetry
is broken [12]. Here we demonstrate a third route towards
Weyl nodes, starting with a material with Td symmetry
and displaying quadratic bands that touch [15]. In finite
B, the Zeeman energy leads to band crossings and the for-
mation of Weyl nodes. In the half-Heusler GdPtBi, this
scheme results in the appearance of the chiral anomaly
(in samples with the Fermi energy EF much closer to the
Weyl node than in previous experiments [13, 20, 21]).
The unit cell of GdPtBi is comprised of Pt-Gd tetra-
hedra arrayed in the zincblende structure (Supplemen-
tary Information Sec. S1). The low-lying states involve
only the four Bi 6p bands, |j,mj〉 = | 32 ,± 12 〉 and | 32 ,± 32 〉,
which are 4-fold degenerate at the Γ point (the lattice
has Td symmetry at Γ). Combining ab initio calcula-
tions (Methods) with the k ·p model in finite B, we find
that the Zeeman energy results in crossings (Fig. 1a).
The number of low-lying nodes depends on whether B is
aligned ‖ [110] or [111] (Supplemental Fig. S4)). Details
of the k · p calculations are given in the Supplemental
Sec. S2 and in Ref. [23].
Crystals of GdBiPt were cut with the axis xˆ of the
longest edge either ‖ [110] or ‖ [111] (see Methods). Al-
together, we measured 15 samples (A, B, · · · , Q), with
the current density J or heat current density JQ applied
‖ xˆ in all samples (see Supplemental Table 1). Samples
C, E, F and G (cut from the same boule) have very simi-
lar carrier densities. Figure 1b shows curves of ρ vs. T in
zero B in samples K, C and M with Fermi energy EF < 0
(p-type) and one (L) that is n-type. The non-metallic
profile and the sharp decrease of the Hall density nH are
consistent with a zero-gap material (Fig. 1b, inset). At
4 K, all samples display a prominent negative LMR mea-
sured with B ‖ E ‖ xˆ. Figure 1c plots the longitudinal
resistivity ρxx vs. T at selected values of B ‖ [110] in
Sample G. The field suppression of ρxx onsets at T ∼150
K and increases strongly as T → 2 K. The profile of ρxx
vs. B is a bell-shaped curve with a halfwidth δB ∼ 2.5
T below 10 K (Fig. 1d). Raising T rapidly increases δB,
but the negative LMR remains observable up to 150 K.
The negative LMR, observable to 150 K, is unrelated to
the antiferromagnetic state that appears below the Ne´el
temperature TN = 8.8 K, which is insensitive to nH (see
Supplemental Fig. S9 and Methods).
First we show that the negative LMR goes away when
B is tilted away from E. As shown in Fig. 2a, increasing
the tilt angle θ rapidly broadens the bell-shaped LMR
profile. As θ → 90◦, the MR becomes positive apart
from a low-field oscillatory feature (see below). The an-
gular variation of the plume in the conductivity σxx at
fixed B (Fig. 2b) is consistent with the chiral anomaly
(the plume here is slightly broader than that observed in
Na3Bi [11]). In weak B, the LMR profile differs between
B ‖[111] and [11¯1] consistent with band calculations (see
Supplemental Sec. S2 and Figs. S2 and S13).
A striking property of the anomaly is that when the
direction of E ‖ J is rotated to a new crystal axis, the
plume direction moves to the new axis. In Ref. [11], E
was changed by selecting a different pair of current con-
tacts on the same crystal. Here, we compare ρxx mea-
sured in the 2 crystals measured with J aligned with [110]
vs [111]. Figure 2c plots ρxx versus φ (the angle between
B and J in both cases) for B fixed at 2 and 9 T. In both
crystals, ρxx attains a minimum only when B ‖ J, con-
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FIG. 1: The field-induced band crossing in GdBiPt and the chiral anomaly in its longitudinal magnetoresistance (LMR). Panel
(a) (left sketch) shows the 4-fold degeneracy at Γ in zero B of the bands | 3
2
,± 3
2
〉 (blue curve) and | 3
2
,± 1
2
〉 (red). In finite B (‖
to axis shown in right sketch), the larger Zeeman shift of | 3
2
,± 3
2
〉 leads to Weyl nodes with opposite χ (red and grey cones).
Panel (b) plots the non-metallic resistivity profiles (at B = 0) in Samples K, C, M and L. The Hall density nH in C falls by a
factor of 50 between 300 and 2 K (inset). In a longitudinal field B ‖ J (see inset), ρxx decreases with increasing B below 170 K
(Panel (c)). In Panel (d), ρxx(B) shows a negative LMR at 6 K with a bell-shaped profile, which remains resolvable to >150
K. The evidence strongly support identification of the chiral anomaly as the origin of the LMR.
sistent with the chiral anomaly. (We have also confirmed
(Supplemental Fig. S11) the field-steering property using
just one crystal and alternating the current contacts as in
Ref. [11].) The results together confirm the field-steering
property.
As a third check, we verify that the LMR is suppressed
when EF is far from the node. When |EF | exceeds the
Weyl energy scale, the chiral anomaly becomes unresolv-
able. Using the zero-B thermopower S, nH and the SdH
period, we have determined EF in 6 crystals. The mag-
nitude of the LMR, measured by ρ(0T )/ρ(9T ), is largest
when |EF | is closest to the node (sample K with LMR =
11). This variation is plotted in Supplemental Fig. S16
(also Figs. S14 and S15). These tests confirm that the
LMR is associated with the chiral anomaly (they also es-
tablish that the LMR is distinct from the isotropic MR
seen in gapped half-Heuslers [22]).
Lastly, we show that the LMR is an intrinsic effect
rather than a spurious consequence of inhomogeneous
J(x) caused by disorder (Methods). In Sample G, we
retained the large current contacts (A and B) and added
small voltage contacts (1,. . . ,10) (Fig. 3d, inset and Sup-
plemental Fig. S18). As plotted in Fig. 3d, the poten-
tial drops Vi,j (where i, j run over the 8 nearest-neighbor
pairs) all show closely similar LMR profiles. Further-
more, from extensive simulations (Supplemental Sec. S7
and Fig. S21), we find that the mobility µ estimated from
the Hall angle θH is far too small for “current jetting” to
be the origin of the LMR (from Supplemental Fig. S12a,
µ = 1,500 cm2/Vs at 6 K).
GdBiPt provides a platform to explore the thermoelec-
tric response of Weyl fermions. Figure 3a shows the T
dependence of the Seebeck coefficient Sxx measured in
sample G with B ‖ xˆ (in all samples, both the thermal
gradient −∇T and JQ are ‖ xˆ). In longitudinal B, Sxx
is strongly suppressed starting at 150 K high above TN .
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FIG. 2: The dependence of the LMR in GdBiPt on field-tilt angles (θ, φ). Panel (a) shows curves of ρxx vs. B in G at 6.46
K, for selected values of θ (angle between B and J in polar plane x-z; see inset). As θ deviates from 0, the bell-shaped profile
broadens. For θ ∼ 90◦, the MR is positive. The low-field oscillations reflect changes caused by Zeeman shift of the bands.
Panel (b) shows the angular width of the conductivity σxx vs. azimuthal angle φ for selected B in Sample F at 2. 5 K (φ
is defined in inset). The “axial plume” is similar to that in Na3Bi, but broader in angular width. Panel (c) illustrates field
steering by comparing the angular plots in Sample C (with xˆ ‖[111]) and F (‖ [110]) at two values of B (2 and 9 T). In both
cases, the LMR is seen only when B aligns with J ‖ xˆ. Panel (d) shows that the magnitude of the negative LMR is large in K
(EF closest to the node), but steadily decreases as |EF | moves away from the node (Samples F, M and L), consistent with the
chiral anomaly.
The suppression of Sxx is highly directional, rapidly di-
minishing as B is tilted away from xˆ (Fig. 3b).
We first focus on the zero-B curve in Fig. 3a. As
T decreases from 300 K, the (hole-like) thermopower S
rises monotonically, accelerating below 40 K to attain
a large peak value of 215 µV/K at 18 K. Below 15 K,
S decreases linearly with T , consistent with a metal
with an unusually small EF . Using the Mott relation
S = (pi2/3)(k2B/e)(βT/EF ), we infer EF = 3.1 meV
(β ∼1.5 an exponent). Combining this with the weak-
B Hall coefficient RH , we calculate an effective mass
m∗/m0 ' 1.8. In large field (>6 T), the onset of SdH os-
cillations provides an independent determination of the
cyclotron mass mcyc from the damping of the SdH ampli-
tudes with T (Figs. 3c,d and Supplemental Fig. S12b).
Interestingly, we find that mcyc/m0 = 0.23 ± 0.03 (8×
smaller than m∗). This large discrepancy – unexpected
in a conventional metal – is strong evidence that the mod-
erately heavy mass in zero B changes to the small mass
of Dirac states, as predicted in the induced Weyl node
picture.
As noted in Fig. 3b, the field suppression of Sxx is
strongest when B is aligned with −∇T (θ → 0). The
half-widths of the bell-shaped profiles δB broaden rapidly
as T is raised above 80 K. Also, the suppression of Sxx
goes away in a transverse field. These features imply
that the strong suppression of Sxx arises from the chiral
anomaly.
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FIG. 3: The variation of the thermopower with B and quantum oscillations in GdBiPt. Panel (a) plots the Seebeck coefficient
Sxx(B) vs. T in G at selected B with B ‖ xˆ ‖ JQ (the heat current density). The field suppression of Sxx, largest at 6 K is
resolvable up to 150 K. In zero-B, the T -linear dependence of S ≡ Sxx(0) below 15 K yields EF = 3.1 meV. Panel (b) shows
how the field profile of Sxx at 6.45 K changes when B is tilted by angle θ to xˆ in the x-z plane (see inset). In the curves at
θ = −2◦,−3◦ quantum oscillations appear above 6 T. In Panel (c), plots of the oscillatory part of ρxx (expressed as a percent)
in Sample C show the damping of the SdH oscillations with increasing T . Panel (d) plots the resistances R(B) inferred from
the potential drops Vi,j across 8 pairs of nearest-neighbor pairs (inset). The close similarity of the LMR profiles is evidence
that the LMR is intrinsic, rather caused by distortions of current paths in a disordered crystal.
At low B, however, the process of node formation
(which leads to a sharp peak in the density of states
N (E) near EF ; Supplemental Fig. S5) differs between
the two cases B ‖ [110] versus [111]. The differences may
underlie the strong anisotropy observed in Sxx. Figures
4a and 4b compare the field profiles of Sxx(B) in Sample
G (B ‖ [110]) and in E (B ‖ [111]). In Sample G, Sxx
decreases monotonically with B at all T (apart from a
tiny dimple in weak B). By contrast, in Sample E, Sxx
initially increases in weak B, attaining peaks at ±3.5 T
before decreasing rapidly in large B.
This striking anisotropy may reflect the differences in
the thermoelectric response function αxx(B) which di-
rectly relates the gradient to J via Ji = αij(−∂jT )
(αxx = Sxx(B)/ρxx(B)). For Weyl fermions, recent
Boltzmann equation calculations yield for αxx (at one
node) [24–26]
αxx = eτ
∫
d3k
(2pi)3
∂f0
∂Ek
(Ek − EF )
T
[vk + eB vk·Ω]2
(1 + eB·Ω) ,
(1)
where f0 is the Fermi-Dirac distribution, Ek the energy,
and vk is the band velocity in state k with τ the relax-
ation time.
In Figs. 4a and b, we compare the profiles of αxx vs.
B in Sample G measured with B ‖ −∇T ‖ [110] against
Sample E (B ‖ −∇T ‖ [111]). Below 30 K, the profiles in
both samples are qualitatively similar: αxx(B) increases
as B2 to attain a broad maximum at the peak field Bp,
which separates two distinct field regimes.
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FIG. 4: Anisotropy of the thermoelectric response in GdBiPt in longitudinal field. Panel (a) plots the curves of Sxx vs. B in
Sample G (with B ‖ JQ ‖ [110]). The curves decrease monotonically with B at all T (apart from a tiny dimple in zero B below
20 K). Quantum oscillations are resolvable in the curve at 6.74 K. By contrast, the curves of Sxx(B)/T in Sample E in Panel
(b) (B ‖ [111]) are non-monotonic (we plot Sxx/T to minimize overlap). Below 25 K, the low-field region in E is dominated
by a V -shaped profile. Unlike Sxx(B), the curves of the thermoelectric response function αxx = Sxx/ρxx are broadly similar
below 30 K between the 2 geometries (Panels (c) and (d)). In Panel (c) αxx in Sample G rises to a broad maximum at Bp ' 6
T (arrow) before falling steeply. Quantum oscillations appear for B > Bp. In Panel (d) αxx shows a similar profile except that
Bp ' 8 T.
In low fields (B < Bp), the changes to N (E) lead to
an increasing αxx in both geometries. The difference in
Bp (6 vs. 8 T) suffices to produce the V -shaped profile
in Sxx(B) of Sample E, but not in G. The increase in
αxx in the range 0 < B < Bp is a signature of the node
creation process that is not understood.
In the regime above Bp the Weyl nodes are fully formed
with well-resolved Landau levels (LLs) as indicated by
the quantum oscillations (curves below 11 K in Fig. 4a).
The dominant feature is the steady decrease in αxx with
increasing B which drives Sxx towards zero at large B (in
G, we enter the n = 0 LL above 25 T). A characteristic of
Weyl states in the quantum limit is the one-dimensional
dispersion along the B axis, which implies a density of
states N ∼ eB/v that is E independent. Consequently,
αxx ∼ ∂N/∂E vanishes (by contrast Sxx increases lin-
early with B in the lowest LL for a massive Dirac sys-
tem [27]). We interpret the downward trend in both αxx
and Sxx above Bp as consistent with charge pumping be-
tween the Weyl nodes associated with the chiral anomaly.
The curves of αxx can provide sharp tests of Eq. 1 in the
intermediate field regime.
We have observed in GdBiPt a large, negative longi-
tudinal MR when EF is near zero. By varying both the
directions of B and E, we confirm that the enhanced
conductance is confined to a plume centered at B ‖ E.
Moreover, it is steerable by the direction of B. Finally,
we show that the LMR is most prominent when |EF |
is closest to the node. The 3 tests together with the
measurements of m∗ present a strong case for the chi-
ral anomaly in Weyl nodes. The observed thermoelectric
response function αxx shows a decrease in large B, con-
6sistent withN of a chiral n = 0 LL. The anisotropy of the
thermoelectric response is consistent with the anisotropic
nature of the node creation, although a full account-
ing of the results awaits further analysis. More broadly,
we have shown that field-induced crossing of degenerate
bands can result in Weyl nodes and the associated chiral
anomaly. The results imply that zero-gap semiconduc-
tors with large spin-orbit interaction (e.g. half-Heuslers,
gray tin and HgCdTe) are prime candidates for exploring
Weyl physics.
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Methods
Electronic structure calculations were performed in the
framework of density functional theory (DFT) using the
WIEN2K code [1]. We used a full-potential linearized
augmented plane-wave and local orbitals basis with the
PBE parametrization of the generalized gradient approx-
imation [2]. The plane-wave cutoff parameter RMT Kmax
was set to 7. The modified Becke Johnson (mBJ) func-
tional [3] was used. Spin orbit coupling (SOC) was in-
cluded in the calculation as a perturbative step. A large
exchange parameter Ueff = 7 eV was applied to the Gd
4f states (with open core treatment of the 4f electrons),
in effect removing these states far away from the Fermi
energy EF .
Single crystals of pure and Au-doped GdPtBi were
grown using Bi-self flux. Stoichiometric mixtures of the
elements were placed in an alumina crucible and sealed
inside a quartz tube under vacuum. The ampoules were
heated to 1130 ◦C and kept for 12 hours at constant tem-
perature to get a homogeneous solution. The samples
were cooled at the rate of 1.5 ◦C/hr, to 940 ◦ C and then
centrifuged to remove Bi-flux. Single crystals of 2 mm
in size were successfully obtained.
We have used the Hall effect to characterize our crys-
tals, and to obtain estimates of the carrier density, as-
suming conduction from a single band at low tempera-
ture (∼4 K). The Hall resistivity at 4 K was fitted in
the low-field limit to a line to extract the Hall density
nH = 1/(eRH), where RH the Hall coefficient. At high
temperatures, thermally activated carriers suppress the
amplitude of RH (enhance nH), but the saturated value
of nH at low T may be used to estimate the intrinsic
carrier concentration (results are shown in Supplement).
The onset of the low-temperature regime where nH sat-
urates is expected to scale with the Fermi energy EF in
a zero-gap material.
Altogether, we investigated single crystals from three
batches of pristine GdPtBi (batches 1-3), all of which ex-
hibited intrinsic p-type behavior in the Hall effect and
in the thermopower. The highest quality crystals (esti-
mated by the amplitude of quantum oscillations, and the
enhancement of the thermal conductivity κxx at low tem-
perature) have the lowest carrier concentrations. We also
investigated 3 batches of crystals doped slightly with Au
(0.5, 5, 10 % for batches 4, 5, 6 respectively) to substitute
for Pt. We found that only a small fraction of the Au in
starting materials is incorporated in the final crystals, as
determined by measurements of the Hall density. For ex-
ample, the low-temperature Hall densities measured for
the samples in batch 5 are (1.4 –3.5)×1018 1/cm3. But if
5 % of the Pt had been replaced by Au, we would expect
densities of around −6.7 × 1020/cm3, using the exper-
imental lattice parameter a = 6.68 A˚ []. Batch 4 con-
tained crystals which had very low Hall densities (close
to compensation).
The so-called “18 electron rule” for half-Heusler ma-
terials [12] implies that heavy doping with atoms of a
different valence count is prohibited. In practice, this
implies a soluability limit for Au doping in our case. We
have found that crystals from batch 5 (5 % Au for Pt in
the starting boule) have similar Hall densities to batch 6
(10 % Au), i.e. −nH = 1.5 · 1018 to 4 · 1018 cm−3.
The relatively large sizes of the single crystals used for
thermopower experiments (∼ 2 mm on a side) allowed us
to cut and orient samples accurately using the Laue x-ray
setup at Johns Hopkins University, Baltimore, MD (with
the assistance of S. M. Koohpayeh and J. W. Krizan). In
particular, samples C, D, E, F, G were oriented in this
way.
For all other crystals, we used the edges of hexagonal
facets of the single crystals ([111] direction of the cubic
structure) to determine the orientation; the angular er-
ror of cut planes may be larger for such samples, and we
estimate it at δφ ∼ 10 degrees. These samples may be as
small as ∼ 0.5 mm. After cutting and polishing, electri-
cal contacts to the platelets (thickness t ∼ 0.1 mm) were
made by silver paint and thin gold wires. In some cases,
8the contacts cover a considerable fraction of the surface
area. This implies limitations of determining the correct
sample geometry (using an optical microscope) for calcu-
lating the Hall resistivity ρyx, and by extension the Hall
density nH . An error of up to δnH/nH ∼ 30 % may be
incurred for the smallest crystals.
To test for inhomogeneous current distribution, we re-
mounted Sample G, replacing the previous voltage con-
tacts with 10 new, small voltage contact pads. The cur-
rent contacts A and B are sufficiently large to cover the
shorter edges of the crystal. At T = 2 K, we mea-
sured simultaneously the potential difference Vi−j be-
tween the 8 pairs of nearest-neighbor contacts (V1−2,
V2−3, · · · , V9−10) as B (applied ‖ J ‖ xˆ) is varied.
The 8 curves for the relative change in Vi−j are
nearly identical below 3 T, only displaying slight, non-
systematic deviations above 5 T (Fig. 3d and Supple-
ment). To us, the striking agreement across the 8 con-
tacts provides strong evidence for the uniformity of J(r)
throughout the crystal. From the 8 curves, we infer that
the current density is uniform throughout the crystal in
the LMR experiment. This implies that the observed
negative LMR is an intrinsic electronic effect rather than
arising from strong distortions of the current paths.
A final concern is “current jetting”, which can lead
to field-induced changes in the longitudinal MR in
very high mobility semimetals and metals. To see if
current jetting can be a plausible origin of the negative
LMR observed in GdPtBi, we have performed extensive
simulations for our sample geometry and mobility values
µ = 1,500 – 2,000 cm2/Vs. From the equations ∇·J = 0
and Ji = σijEj , where Ej = −∂jψ, the potential
function ψ(x, y) satisfies the anisotropic 2D Laplace
equation (see Supplement). The simulations show that,
below 10 T, current jetting has a negligible effect (a few
%) in a sample with µ = 2,000 cm2/Vs. This is far too
small to account for the large LMR in GdPtBi. Note
that from Fig. 3d, ρxx has decreased by 2× at the low
field of 2 T. We would need B >50 T to achieve the
same suppression if current jetting were the origin (see
simulations in Supplement).
For references see Supplementary Information.
Supplementary Information:
The chiral anomaly and thermopower of Weyl
fermions in the half-Heusler GdPtBi
I. AB INITIO BAND CALCULATIONS
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FIG. 5: (a) The cubic cell of GdPtBi, containing four formula
units / primitive cells. Gray, red and green balls indicate Gd,
Bi and Pt atoms, respectively. (b) The first Brillouin zone of
the FCC lattice.
The crystal lattice of GdPtBi and its first Brillouin
Zone are displayed in Fig. 5.
As explained in the Methods Section, band structure
calculations were performed in the framework of den-
sity functional theory (DFT) using the WIEN2K code
[1]. The band structure in Fig. 6 was calculated in the
paramagnetic phase (the measurements were performed
mostly at temperatures T  TN ). The 4f states of Gd
are strongly localized and weakly hybridized with the
low-lying states of interest (derived from Bi 6p and Pt 6s
orbitals). Hence the dispersions of the low-lying states
are insensitive to the magnetic ordering assumed for the
f bands (the dispersions are only weakly affected even if
the f states are eliminated altogether). In our LDA+U
approach with Ueff = 7 eV, the splitting of the 4f states
into two branches straddling the Fermi energy EF leads
to magnetism in the f states. The insensitivity of the
low-lying states to the 4f states of Gd justifies an “open
core” treatment of the f states in the calculation.
The differences between the band structures in the an-
tiferromagnetic (AFM) and paramagnetic phases are dis-
cussed further in a forthcoming publication[5].
II. BANDS IN A ZEEMAN FIELD: k · p MODEL
The appearance of Weyl nodes upon application
of a magnetic field B in GdPtBi is part of a generic
phenomenon that depends only on the symmetry of
the material in zero B. While a full analysis of the
problem will be presented in ref. [5], we summarize
here some of the results. GdPtBi is a material with
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FIG. 6: Calculated band structure from density functional
theory (zero magnetic field). A large Ueff was used to raise
the f -states away from the Fermi energy.
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FIG. 7: Schematic representation of the Zeeman split bands
in finite magnetic field B along the [111] direction. The values
of mj given here are good quantum numbers only along the
direction of high symmetry.
Td symmetry group plus time-reversal (T ) invariance.
This group protects a 4-fold band crossing at the Γ
point. A symmetry-constrained k · p model valid in the
vicinity of Γ can be obtained, with parameters fitted
to an ab-initio calculation [5]. Applying a (Zeeman)
magnetic field in several high-symmetry directions
breaks the Td ⊗ T symmetry to a subgroup and breaks
the four-fold Γ point degeneracy, as sketched in Fig.
7. Using the remaining symmetries of the system, the
presence of a nonzero number of Weyl points and, less
generically, nodal line, can be unequivocally confirmed
through either 1) band eigenvalue arguments (when
the Weyl crossing is on a high-symmetry axis or when
the nodal lines are on high-symmetry mirror planes),
or 2) global eigenvalue arguments that invoke Chern
number differences between high-symmetry planes in the
system. While the topological reasons for the existence
B || [111] B || [110]
kx
ky
kz
kx
ky
kz
FIG. 8: Calculated Fermi surface, using the k · p model, for
EF = −10 meV, hypothetical g-factor g = 40, and magnetic
field B = 10 T parallel to the [111] direction (left) and parallel
to the [110] direction (right). The box displayed here extends
1/9 of the full size of the Brillouin zone in each direction (kx,
ky, and kz) away from the Γ-point (center of the box).
of Weyls can only be deduced when the field is along
high-symmetry directions where the remaining symme-
try group is nontrivial, the Weyls persist even when B
is tilted away from symmetry axes. Our phase diagram
[5] shows that Weyl points exist for any direction of the
magnetic field B, and for both inverted and non-inverted
materials. The effect of the Weyls, whose velocity now
depends on the magnetic field that created them, on the
transport properties of the material are analyzed in [5].
We give a summary of the results for B applied along
several high-symmetry directions (see Fig. 8). When
B ‖ [001] direction, two Weyl nodes appear on the high
symmetry [001] axis between the Jz = − 12 and − 32
bands, which have distinct C2z eigenvalues. On the high-
symmetry kx = 0 plane, two Weyls are required to appear
due to a more subtle Chern number argument, between
the Jz =
1
2 and − 32 bands. An identical number of Weyls
(2) has to appear in the ky = 0 plane [5]. This direc-
tion of the field has yet to be checked by experiment.
With B ‖ [111], two Weyl points appear between the 32
band and the 12 band [5]. Another two between the
3
2
band and the − 12 band, due to the eigenvalue argument.
The B ‖ [110] geometry has two sets of nodal physics.
Line nodes are present on a high symmetry [11¯0] plane
due to intersections of bands of different Mirror eigenval-
ues. Moreover 4 Weyl points are found close to the [110]
plane (they are in the (110) plane if Inversion Symmetry
remains unbroken). Rotating B away from these high
symmetry directions cannot immediately gap the stable
Weyl points. Our phase diagram [5] suggests the presence
of nodal behavior throughout the phase space produced
by arbitrary orientation of B.
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FIG. 9: Calculated density of states ρ as a function of energy, using the k ·p model. In panels (b) and (c), we assumed a g-factor
g = 40 and B = 10 T parallel to the [111] direction (b) and the [110] direction (c). The sharp peak just below E = 0 arises due
to the flat bottom of the +1/2-band (Fig. 7). The peak is more prominent for magnetic field along the [111] direction.
III. CRYSTAL GROWTH & STRUCTURAL
ANALYSIS
As described in Methods, crystals of pure and
Au-doped GdPtBi were grown using Bi-self flux. On
completion of the crystal growth process, the crystals
were crushed into fine powder and subjected to X-ray
diffraction to obtain the powder pattern. The powder
pattern is in good agreement with the reported crystal
structure in the F-43m space group. The red vertical
lines at the bottom of the graph correspond to the peaks
of the reported cubic phase.
IV. CONTROLLED DOPING EXPERIMENTS
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FIG. 10: Hall density nH as a function of temperature for
various samples. The high temperature values were scaled,
to correct for errors in measuring the sample geometry (see
text).
Here we provide more results on the variation of Hall
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FIG. 11: Inverse residual resistivity ratio (RRR)
ρ(2 K)/ρ(300 K) plotted as a function of the Hall den-
sity nH at 4 K. The most insulating samples are from batch
4. Inset: zoom-in to low negative carrier density, highlighting
the samples from batch 4.
density nH with doping. We have scaled all the nH(T )
curves for batches 1-3 to a single value at high temper-
atures. This value of nH (300 K) is the one obtained
from the largest crystals of a particular batch, where
the sample size error is expected to be the smallest.
We proceeded analogously for batches 4 and 5. We
believe this approach is justified by the fact that thermal
broadening of the Fermi-Dirac function at high T should
render small variations of intrinsic carrier concentration
unobservable in the transport coefficients. Consistent
with the assumption, each subset of curves of nH(T ) ap-
proaches the same “universal” shape at high T (Fig. 10).
We have observed quantum oscillations in most of
our p-type crystals at fields B > 5 T (with period
that varies relative to the B axis). These results will
be more thoroughly analyzed in a future publication
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Sample Batch J-axis nH(10
18/cm3) SmaxF (T) TN (K) RRR
−1
A 1 ∼ 11¯0 0.67 28.6 8.93 3.01
B 3 − − − 8.92 2.45
C 3 111 1.3 33.1 8.83 2.99
D 3 11¯0 − 34.5 8.71 3.78
E 3 111 1.85 33.2 8.83 2.28
F 3 11¯0 1.4 33.1 8.87 3.07
G 3 11¯0 1.8 34.2 8.80 3.16
H 1 11¯0 2.6 39.9 8.87 1.56
J 2 − 4.5 50.14 8.75 1.57
K 4 11¯0 −0.15 15.22 8.77 7.44
L 5 11¯0 −3.5 − 8.80 1.10
M 1 11¯0 2.6 − 8.82 1.99
N 3 − − 22.02 − −
P 2 11¯0 4.5 49.82 8.95 1.55
Q 6 11¯0 −4.7 − 8.88 0.69
TABLE I: List of named samples investigated. The sign of the Hall density nH indicates hole- or electron-like. S
max
F is the
maximum FS section inferred from the SdH oscillations. RRR is the residual resisitivity ratio. Results from some other samples,
for which only limited amounts of data were obtained and which are not listed here, are also included in Figs. 10, 11, 17.
[7]. The Fermi surface area SF increases monotonically
with carrier density for batches 1-3. This lends further
support to our approach of scaling nH(T ) at high T ,
because SF does not depend on the measurement of the
sample geometry.
From the evolution of the ρ(T ) curves (RT-curves) as
a function of nH , we can extract two essential pieces
of information: First, Fig. 11 shows that the most
insulating samples are the ones with the lowest |nH |, as
expected for a zero-gap semiconductor.
Secondly, the Ne´el temperature TN remains unchanged
(to our resolution) as nH is varied. We estimate an error
of ±0.1−0.2 K for TN as determined from the RT curves.
The lack of change in TN has implications for the likely
mechanism of interaction between the Gd magnetic mo-
ments. We infer that the dominant exchange driving the
transition at TN only weakly affects the conduction elec-
trons. More importantly, it shows that the changes in
the thermopower and the magneto-resistance as a func-
tion of nH , on which we elaborate below, cannot be a
consequence of the magnetism.
To estimate the mobility below 10 K, we have used the
Hall angle θH inferred from measurements of ρyx in Sam-
ple G. Figure 13a plots the T dependence of tan θH/B.
Below 10 K, the carriers are predominantly hole like.
Hence the mobility µ equals 1,500 cm2/Vs. Above 100
K, the large population of excited n-type carriers adds
a negative contribution which to “cancels” a significant
part of the Hall angle signal, so a mobility value can only
be inferred by resorting to a two-band fit.
Figure 13b plots the damping of the SdH peak ampli-
tudes in Sample C for 4 peak values at the fields indi-
cated. By fitting (solid curves) to the standard Lifshitz-
Kosevich expression [8], we have extracted a cyclotron
mass mc ∼ 0.23m0 (m0 is the free electron mass).
As anticipated by the band calculations, the process
of creating the Weyl nodes by B is anisotropic. For B ‖
[111], two Weyl nodes are created whereas for B ‖ [11¯0],
four nodes appear. Evidence for this anisotropy appears
in the weak-B LMR. In Fig. 14 we plot in expanded scale
the LMR observed in 4 samples. When B ‖ [11¯0] (Sam-
ples F and G), the profile displays a nominal plateau in
weak B (instead of the B2 behavior predicted by the Son-
Spivak expression [9]). This suggests to us that B must
exceed a finite threshold value before the axial current
contribution becomes resolvable. For B ‖ [111] (Samples
C and E), the profile exhibits a V -shaped feature around
B = 0 which we believe may be related to the long-range
magnetic order that sets in below 8 K. The shoulders
and local maxima rapidly become pronounced when B is
tilted away from the longitudinal direction, as shown in
Fig. 2a (main text).
V. CHIRAL ANOMALY AND ITS DOPING
DEPENDENCE
This section highlights the evolution of the negative
longitudinal magnetoresistance (LMR), the established
signature of the chiral anomaly in Weyl semimetals
[10][11], as a function of carrier concentration nH . First,
we provide additional data for sample F in Fig. 12,
where the electric current J was applied along two
mutually perpendicular crystallographic directions. We
observe the negative LMR only when the current and
the magnetic field are parallel to each other.
Figure 15 shows the R-T curve, magneto-resistance at
various angles, and a rotation of the resistance at fixed
temperature and magnetic field, for several samples
of the same alignment and of varying nH . We track
the evolution of ρ(T ) from RRR−1 ∼ 1 to insulating
behavior, and back to quasi-metallic, in the first column.
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the electrical current J could be changed in situ. We observe
that the negative magneto-resistance only occurs when J and
B are aligned in parallel. The magnetic field was rotated in
the in-plane geometry, with B ⊥ [111]. The magnitude of B
was 9 T in this experiment.
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FIG. 13: Estimates of the mobility from the Hall angle and of
the effective mass from SdH oscillation amplitudes. Panel (a)
plots the T dependence of the measured tangent of the Hall
angle tan θH in Sample G. Below 10 K, the value tan θH/B ∼
0.15 T−1 (hole-like) corresponds to a mobility µ ∼ 1,500
cm2/Vs. Above 100 K, copius excitation of n-type carriers
adds a negative contribution which suppresses the observed
Hall angle. Panel (b) plots the SdH amplitudes ρpeakosc | mea-
sured at fields from 6.64 to 13.27 T in Sample C. Fits to the
Lifshitz-Kosevich expression [8] yield the effective mass m∗ ∼
0.23 m0 (m0 is the free electron mass).
The transverse magneto-resistance at φ = 90◦ in
the center column shows a negative dip at low field
in all samples. This feature may be attributed to the
field-induced reconstruction of the electronic structure,
or - less likely to us - magnetism. The higher mobility
of the light electron band in the inverted band struc-
ture of GdPtBi may be the reason why the positive
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FIG. 14: The low-field behavior of the LMR in Sample C
with B ‖ [111], E (B ‖ [111]), F (B ‖ [11¯0]) and G (B ‖
[11¯0]).
contribution to the transverse MR is more pronounced
for sample L (n-type), as compared to sample H (p-type).
The LMR is suppressed for the most strongly doped
samples (panels A2 and D2). We find the biggest LMR
in sample K, which has one of the lowest |nH | of all
samples studied.
Slight misalignments of the current direction with
respect to a crystallographic axis become most apparent
in the ρ(φ) plots in the third column of Fig. 15. We
believe this to be the cause of the anti-symmetries
especially apparent in panels A3 and B3. In panel D3,
the 9 T curve may be understood as a superposition of a
six-fold pattern, characteristic of magnetic field aligned
in the (111) plane of a cubic lattice, with the two-fold
pattern of longitudinal vs. transverse alignment of j
and B; however, the difference between transverse and
longitudinal MR is now very small, at large |nH |.
Sample C was prepared as a plate with largest face
perpendicular to [11-2], and current J along [111] (Fig.
16). Sample G was cut from the same batch and had
similar nH , but with J ‖ [1− 10] (see Fig. 15 panels B1
- B3). Comparing the two samples which have different
directions of J, it is clear that the dip in the transverse
MR is weaker for magnetic field B in the [111] direction.
We also find that the LMR is weaker with current
J in the [111] direction. These variations may be a
consequence of the anisotropic changes in the electronic
structure, when a magnetic field is applied (see e.g. Fig.
9).
The negative LMR may be visualized as a function
of carrier density nH by plotting the relative change
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FIG. 15: Resistivity ρ vs. temperature T (RT) curves, magneto-resistivity at various angles, and in-plane rotation of ρ for
fixed field in samples of various Hall carrier concentrations nH (in cm
−3). The current J is applied parallel to the [1-10] axis
(or equivalent) in all cases, and the magnetic field is rotated in the plane perpendicular to [111]. See main text for discussion.
δρ = ρ‖(9 T)/ρ0 (Fig. 17). We observe a strong
dependence of δρ on nH , and significant anti-symmetry
with respect to negative / positive carrier concentration.
This may be at least in part due to the difference in
effective mass for the heavy hole and light electron
bands (at zero field), where the same |nH | corresponds
to a larger Fermi energy |EF | in the case of the light
electrons. To us, Fig. 17 provides firm evidence that
the negative LMR we observe is a consequence of the
topological nature of the band structure in GdPtBi.
VI. THERMAL CONDUCTIVITY AND
THERMOPOWER
We have measured the thermal conductivity for
several samples of different carrier concentrations nH
and find that κxx is unusually large at low temperature.
From Wiedemann-Franz comparison with the conduc-
tivity, we infer that κ is overwhelmingly dominated by
phonon conduction. The large phonon term reflects the
stiff moduli of the the half-Heusler lattice. The weak
variation of κxx at 300 K with doping lies within our
margin of error ∼ 20 % due to the measurements of the
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FIG. 17: Negative longitudinal magnetoresistance (LMR) as
a function of carrier concentration nH from the Hall effect.
The relative suppression of ρxx in a longitudinal magnetic
field is strongest close to nH = 0.
sample geometry. However, the maximum of κxx at
low temperature is largest for samples with small |nH | -
consistent with the notion that the cleanest crystals have
the lowest dopant concentration. The direction of the
heat current JQ for each of these samples is the same as
the direction of the electrical current J listed in Table I.
The data were taken in zero magnetic field, but we have
found no evidence for a change of κxx with B at T > 7 K.
The sign of the thermopower at low temperature agrees
with the sign of the Hall effect, consistent with the sin-
gle band picture. The amplitude of the thermopower de-
creases towards high temperatures, where thermally acti-
vated carriers play a larger and larger role. The tempera-
ture dependence of Sxx/T (not shown) gives evidence for
saturation at low T . We extract an estimate for the Fermi
energy EF ∼ 2.0βmeV (samples G, E) using the stan-
dard Mott formula S(T ) = (pi2/3)(kB/e)(kBT/EF )β and
the value of Sxx/T at 10 K. The dimensionless parameter
β is the exponent describing how the density of states N
and velocity vary with E (see e.g. [18]). Below 10 K, the
curves of Sxx/T are distorted by the magnetic transition
at TN = 8.8 K. The extension of our thermopower exper-
iments to lower temperature would be required to get a
better estimate for EF .
VII. RULING OUT INHOMOGENEOUS
CURRENT AND “CURRENT JETTING”
EFFECTS
We have performed a series of tests to address the
concern that the observed negative LMR may arise
from a combination of current inhomogeneities caused
by disorder and the effect of current jetting which is
important in high mobility samples in LMR experiments.
Disorder
As mentioned in the main text and in Methods, we tested
for inhomogeneous current distribution. Voltage contacts
on Sample G were remounted, replacing the previous ones
with 10 new, small voltage contact pads. The current
contacts A and B are sufficiently large to cover the shorter
edges of the crystal. At T = 2 K, we measured simulta-
neously the potential difference Vi−j between the 8 pairs
of nearest-neighbor contacts (V1−2, V2−3, · · · , V9−10) as
B (applied ‖ J ‖ xˆ) is varied.
The 8 curves for the relative change in Vi−j are
nearly identical below 3 T, only displaying slight, non-
systematic deviations above 5 T (Fig. 3d of main text).
To us, the striking agreement across the 8 contacts pro-
vides strong evidence for the uniformity of J(r) through-
out the crystal. In Panel (C), we plot the angular vari-
ation of the 8 quantities Vi−j (expressed as a relative
resistance R(9T )/R(0)) as B is rotated in the x-y plane
(with B fixed at 9 T). Again, the 8 curves agree well with
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each other over the broad angular interval −60◦ → 60◦
(B ‖ J at φ = 0). When B is ⊥ J, however, there ex-
ists deviations of up to ∼ 10% between the curves which
arise from the transverse MR. Panel (D) shows the 8
transverse MR curves measured with B ⊥ J. The de-
viations are now larger, with pairs closer to the middle
(3-4 and 7-8) showing a larger MR than the ones closer
to the current contacts (6-7 and 4-5). [In the transverse
geometry with B ‖ yˆ, the moderately large Hall angle
(tan θH ∼ 2 at 9 T) now causes significant distortions of
the current distribution at the corners of a uniform crys-
tal. We attribute the deviations to the Hall effect. The
experiment shows that the distortions are minimal in the
LMR geometry.]
From the 8 curves, we infer that the current density is
uniform throughout the crystal in the LMR experiment.
This implies that the observed negative LMR is an
intrinsic electronic effect rather than arising from strong
distortions of the current paths.
Current Jetting
In materials with high mobility (µ  50,000 cm2/Vs),
negative LMR can arise from current jetting [19][20]. We
take the the sample plane to be normal to zˆ. In the
Drude model, with the magnetic field B ‖ J ‖ xˆ, the
longitudinal conductivity is σxx = σ0 (a constant). The
conductivity transverse to B decreases as σyy = σ0/[1 +
(µB)2] where µ is the mobility. In the limit µB  1, the
large anisotropy forces J to flow mostly ‖ B everywhere
while flow transverse to B is strongly suppressed. As
a result, the potential gradient ∇ψ becomes very large
near the contacts while its magnitude at a sample edge
is suppressed significantly. This current jetting effect is
most serious when the current sources and sinks are point
sources.
As mentioned in Methods, we have performed exten-
sive numerical simulations to rule out current jetting as
the origin of the negative longitudinal MR in GdPtBi.
We report the 2D simulations here (a few 3D simula-
tions were performed as well to check that similar re-
sults are obtained). The two equations ∇ · J = 0 and
Ji = σijEj , where Ej = −∂jψ, imply that the poten-
tial function ψ(x, y) satisfies the anisotropic 2D Laplace
equation
[∂xσxx∂x + ∂yσyy∂y]ψ(x, y) = 0.
Instead of rescaling the sample dimensions w and ` (to
obtain the isotropic equivalent), we solve Eq. 2 directly
using the relaxation method on a 2D triangulated mesh
network that covers the sample with a MatLab subrou-
tine. Neumann boundary conditions are imposed, viz.
nˆ · J = ±c (or 0), where nˆ is the unit vector normal to
the boundary and c is a constant source term. For the
thinnest plate-like samples, the 2D model provides useful
semiquantitative guidance.
As the program converges to the final solution the mesh
density increases by a factor of 100. We compare in Fig.
18 the variation of ψ(x, y) for a case close to our experi-
ment (current contact pads of width wc = 0.75w, B= 10
T) with the case when B is increased to 50 T with cur-
rent contacts reduced to small points (wc = 0.05w). The
mobility is held at 2,000 cm2/Vs in both panels. In Fig.
18 (upper panel) the nearly uniform gradient ∇ψ(x, y)
implies that J is close to being uniform everywhere. By
contrast, in the lower panel, the existence of pronounced
jets leads to very large |∇ψ| in the vicinity of each cur-
rent contact, together with strong suppression of |∇ψ| at
the sample’s edges. This illustrates the current jetting
effect.
To quantify the results from the simulation, we have
extracted the voltage potential differences Vij read across
various contacts i and j. Their field profiles are shown
in Fig. 19 (for a sample similar to G with aspect ratio
`/w = 4 and a mobility µ = 2,000 cm2/Vs). The dashed
curves represent V14 (contacts separated by 0.8 `) for 3
values of the current-contact widths (wc = 0.05 w, 0.5
w and 0.75 w). Even in the most precarious case (point-
like contacts), current jetting suppresses the observed V14
by only 9% at our maximum field (9 T). Increasing the
contact widths to 0.75 w (closest to our experiment) de-
creases the change to 4%. The solid curves show the
corresponding cases for V23 (contacts separated by 0.20
` near the middle of the sample). Now the suppression
is between 1 and 3%. Hence, current jetting effects are
mitigated by increasing the contact pad widths and sam-
pling far from current contact pads. Our experiment is
closest to the case with wc = 0.75w.
Further simulations (to be reported elsewhere) into
optimal experimental configurations reveal that merely
adopting the standard Hall-bar configuration for LMR
experiments does not guard against current jetting ef-
fects.
We conclude that, below 10 T, current jetting has a
negligible effect (a few %) in a sample with µ = 2,000
cm2/Vs. This is far too small to account for the large
LMR in GdPtBi. Note that from Fig. 3d of the main
text, ρxx has decreased by 2× at the low field of 2 T. We
would need B >50 T to achieve the same suppression if
current jetting were the origin.
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